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This work reports the effect of gadolinium (Gd+3) doping on the structural and physical 
properties of ZnO nanoparticles. Sol-gel method was utilized to synthesize ZnO and Gd-
doped ZnO particles. ZnO powders were prepared from zinc acetate dehydrate and 
ethanol, using as precursor and solvent respectively. The synthesized powders were 
calcined at 300oC for 1 hour. Structural, morphological properties and I-V characteristic of 
undoped ZnO and Gd-doped ZnO powders were investigated by XRD, SEM, FTIR and dc 
electrical measurements. The hexagonal wurtzite phase of the ZnO powders, without any 
secondary phase was revealed from the X-ray diffraction measurements. No significant 
change in the lattice parameters, as could be expected from Gd+3 incorporation, was 
observed. The crystallite size varies from 8.83 nm to 21.85 nm when Gd+3 concentrations 
vary from 0 wt% to 4 wt%. The photocatalytic activity of Gd-doped ZnO with different 
Gd loading was compared with undoped ZnO in the degradation of methyl blue (MB). It 
was observed that the rate of degradation of MB over Gd-doped ZnO increases with Gd 
loading up to 2 wt% and then decreases. The electrical properties of ZnO and Gd-doped 
ZnO powders were also investigated. The results showed the increase in current with Gd 
loading. Accordingly, resistivity was decreased with Gd loading.  
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1. Introduction 
 
Zinc oxide (ZnO), an n-type wide band non-toxic compound semiconductor, with a direct 

band gap of 3.37 eV, coupled with its large exciton binding energy of 60 meV at room 
temperature. ZnO can be applied as photocatalysts, luminescence, surface acoustic wave filters, 
piezoelectric transducers, actuators, gas sensors, solar cells, window heating, varistors, UV lasers, 
FETs, pharmaceuticals and  cosmetics, etc [1-3]. Zinc oxide (ZnO) is also an antibacterial 
biocompatible material and exhibits high mechanical, thermal and chemical stability. Due to its 
exceptional physical and chemical qualities, it can be used extensively in information technology, 
bio technology and environmental technology as next generation technologies [4-5]. At ambient 
temperature, ZnO has a non-centrosymmetric wurtzite crystal structure with polar surfaces [6]. 

For the degradation of toxic and non biodegradable compounds to carbon dioxide and 
inorganic constituents, semiconductors are being used as catalysts [7-8]. In this process, 
conduction-band electrons and valence-band holes would be generated on its surface. ZnO is a 
semiconductor and electron hole pair that is created upon irradiation with light having energy 
greater than its band gap energy, move to the surface of ZnO where they cause oxidation-reduction 
reaction with water and oxygen. Oxidizing reaction with H2O produces hydroxyl radical and 
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reduction reaction with O2 produce superoxide anion. When the cell membrane of bacteria is in 
contact with the powerful oxidants, it will be decomposed and consequently the bacteria will die. 
The body of the bacteria will eventually be decomposed into carbon dioxide and water. This 
process makes it suitable for wastewater purification at ambient temperature and atmospheric 
pressure [2].  

ZnO has also been considered as a suitable alternative for TiO2 due to its similar band and 
lower cost. Moreover, it exhibits better performance in the degradation of organic dye molecule in 
both acidic and basic media. The intrinsic defects of ZnO are beneficial to setting up catalytic 
systems, which are expected to degrade the environmental contaminants. It is well known that the 
properties of nanomaterials depend on their size, morphology, and dimensionality. Thereby, 
diverse morphologies of ZnO nanostructures have been synthesized for different applications. The 
decrease of the size of ZnO nanostructures is feasible to obtain more surface area and great efforts 
have been made to decrease the crystal size and enlarge the ratio of surface to volume. It is 
accepted that surface area and surface defects play an important role in photocatalytic activities of 
metal oxide, which could be attributed to the variation of the surface area, surface defects and band 
gap caused by the incorporation of dopant ions. It was reported that the surface conditions of ZnO 
were modified with the incorporation of dopant ions and its photocatalytic properties were greatly 
enhanced [1]. The synthesis of semiconductor nanoparticles via solution routes is advantageous in 
many ways as the growth, size and morphology can be controlled. Sol-gel method is very simple 
and does not require any special equipment. ZnO prepared by this method have well crystalline 
phase and small crystallite size, which benefit to thermal stability and photocatalytic activity. 

     In this study, we prepared gadolinium (Gd) doped ZnO nanoparticles by sol gel method 
with various Gd concentrations using gadolinium oxide (Gd2O3) as Gd source. Photocatalytic 
activity of the synthesized samples was evaluated via the degradation of methyl blue in aqueous 
solutions under sun light irradiation. 

 
 
2. Experimental 
 
The main materials used in this study were zinc acetate dehydrate                      

[Zn(CH3CO2).2H2O] and gadolinium oxide Gd2O3. ZnO and Gd-doped ZnO nanopowders were 
synthesized by sol gel process. Zinc acetate dehydrates and ethanol was used as a precursor 
material and the solvent, respectively. Zinc acetate dehydrate (5 gm) was dissolved in 100 ml of 
absolute ethanol and stirred with a magnetic stirrer at room temperature for half an hour, to be 
mixed thoroughly. Then 1M solution of NÅH was added under continuous stirring in order to get 
pH value of reactants between 8 and 11. The white powder was obtained after stirring this solution 
at 800C for 6h and drying it at 1000C in an oven for 12h. For doped ZnO nanoparticles the 
appropriate amounts of Gd2O3 were dissolved in nitric acid (HNO3) which was added in the 
homogenized and clear solution of Zinc acetate dehydrate and ethanol. The remaining procedures 
were the same as described above. The powder was calcined for 1 hour in a furnace at 300oC. The 
calcined powders were finally pulverized with a mortar and pestle.  

Powder X-ray diffraction (XRD was used for crystal phase identification and estimation of 
the particle size. The X-ray diffraction (XRD) measurements were carried out by using Shimadzu 
X-ray diffractometre equipped with CuKα radiation (λ=1.5406Ǻ). A Fourier transform infrared 
spectrophotometer (FTIR) Perkin-Elmer System 2000 was used to determine the specific 
functional groups. The morphology of the samples was inspected with scanning electron 
microscopy (SEM) JEOL Japan, JSM-5910). IV characteristics and electrical resistivity 
measurements were made by two probe method. For this purpose dc power supply and sensitive 
electrometer model 2400 (Kiethley) were used.  

A basic aniline dye, MB was used as a probe molecule to evaluate the photocatalytic 
activities of the Gd+3 ions doped ZnO nanocrystallites. In each experiment, a 0.1g amount of 
photocatalyst was added into beaker (Pyrex glass containing 100 ml of methyl blue solution with 
an initial concentration of 0.02mg/100ml water. Prior to solar irradiation, each suspension was 
magnetically stirred in the dark for 30 min to established adsorption-desorption equilibrium. Then 
the solution was exposed to sunlight along with stirring. Experimental place was Multan (300 15/ 
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are almost similar to that of undoped ZnO. However, it should be noted that the 3 wt% and 4 wt% 
Gd-doped samples have a sharp and large intense diffraction peaks than 0.5, 1 and 2 wt% Gd-
doped ZnO. It is noted that the crystallite size of 3 wt% and 4 wt% Gd-doped ZnO is larger when 
compared with that of 0.5, 1 and 2 wt% Gd-doped ZnO which shows that the solubility limit of 
gadolinium ions in ZnO crystal lattice is close to 2 wt% and the excess gadolinium ions may 
precipitate out on the particle surfaces [10-11]. 
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Fig. 1 XRD pattern of undoped and Gd doped ZnO nanopowders  

calcined at 3000C for 1hour. 
 

Fig. 2 shows XRD patterns of 3 wt% Gd-doped ZnO nanopowders synthesized at different 
temperatures. All XRD patterns in the figure are similar to that of undoped ZnO. No remarkable 
variation on lattice parameters of host ZnO was observed. Further it is observed that the crystallite 
size, calculated from Scherer formula, increases with increasing temperature from 1000C to 3000C 
as shown in Table 2, which means that crystallinity has been improved. The sharpening of peaks 
can be understood by considering the merging process induced by thermal treatment. Sharpening 
is a consequence of crystal growth, due to intergrain diffusion [12-13]. 

 
Table 1 Physical characteristics of undoped ZnO and Gd-doped  

ZnO photocatalysts calcined at 3000C. 
 

Samples 
Crystallite size 

from XRD (nm) 
Lattice Parameter 

(Å) 
c/a 

Unit cell volume 
(nm) 

    a c     

Undoped ZnO 14.81 3.2438 5.2054 1.6047 0.04743 

0.5 wt% Gd- ZnO 14.32 3.2502 5.1826 1.5945 0.04741 

1 wt% Gd-ZnO 11.06 3.246 5.1935 1.6000 0.04739 

2 wt% Gd-ZnO 8.83 3.2502 5.0768 1.562 0.04644 

3 wt% Gd-ZnO 15.89 3.248 5.1579 1.5886 0.04712 

4 wt% Gd-ZnO 21.85 3.2502 5.2321 1.6098 0.04787 
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Table 2 The effect of calcinations temperature and time on crystallite size of different samples.  

 
Samples Calcination Conditions 

Crystallite size (nm) 
Temperature oC Time (hour) 

3 wt% Gd-ZnO 100 1 11.06 

3 wt% Gd-ZnO 200 1 14.81 

3 wt% Gd-ZnO 300 1 15.89 

3 wt% Gd-ZnO 200 1 14.81 

3 wt% Gd-ZnO 200 1.5 11.06 

3 wt% Gd-ZnO 200 2  8.83 
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Fig. 2 XRD patterns of 3 wt% Gd-doped ZnO nanopowders calcined at 
(a) 100oC (b) 200oC (c) 300oC. 

 
 

Fig. 3 shows XRD pattern 3 wt% Gd-doped ZnO nanopowders calcined at 2000C for 
different times. All XRD patterns exhibit wurtzite structure. No remarkable variation is observed 
in lattice parameters. Moreover, the XRD peaks get broader and less intense with increase in 
calcinations time from    1h to 2h [14]. 



94 
 

F
 
 

nanocr
random
noted w
of larg
 

In
te

n
si

ty
 (

a.
u

)

Fig. 3 XRD pa

Figs. 4-5 d
rystalline pow
mly oriented
with dopant 

ger grains. Th

2 0

(a )

(b )

( c )

tterns of 3 wt%

displays the S
wders calcin

d grains. The
of gaduliniu

he agglomera

Fi

3 0 4 0

% Gd-doped Z

SEM images
ned at 3000C.
e tendency o

um. We obser
ation of parti

ig. 4 SEM ima

0 5 0
2  (D e g r e

ZnO nanopow

s of surface m
. Both image
of high agg
rved that und
icles was dec

 

 
 

age of undope
 

6 0 7 0
e )

wders calcined

morphology 
es show clos
lomeration a
doped ZnO n
creased with 

ed ZnO powde

0 8 0

1  h r

1 .5  h r

2  h r

3 %  G d +

2 0 0 o
C

d at 200oC for 

of undoped a
ely packed n
among small
nanocrystalli
doping of ga

ers. 

+ 3

 
r different time

and Gd-dope
nearly spheri
ller crystallit
ine powder c
adolinium. 

 

es. 

ed ZnO 
ical and 
tes was 
consists 



 
 

in Fig.
cm-1.  
peaks 
absorp
symme
[15]. T
The d
corresp
Zn-O s

 

FTIR spec
 6-7. The ma
The bands a
at 2244 and

ption peaks a
etric C=O st

The weak sho
deformation 
ponds to O-H
stretching of

0

%
 T

ra
n

sm
it

ta
n

c
e

Fig. 5

ctra of undop
ain absorptio
at 2850 and 

d 2354 cm-1 c
are observed 
tretching of z
oulder band a
bands of C
H bending o
f ZnO [16-18

52
5

6
45

10
20

5 0 0 1 0 0

Fig.

 SEM image o

ped ZnO and 
on band due t

2925 cm-1 c
correspond t
at 1420 cm

zinc acetate. 
at 1340 cm-1

=O can also
of hydroxyl g
8]. 

10
20

13
40

14
20

15
6

0

0 1 5 0 0 2

W a v e  n

 6 FTIR spect

 
of 3 wt% Gd-d

Gd-ZnO sam
to O-H stretc
correspond t
to the existen

m-1 and 1560 
 The peak at
 could be asc
o be observ
group. The a

22
44

23
54

2 0 0 0 2 5 0

u m b e r  (

tra of uncalcin

doped ZnO po

mples in the 
ching of hydr
to C-H (acet
nce of CO2 m
cm-1, corresp
t 1560 cm-1

cribed to nitr
ved at 1020
absorption b

28
50

2
92

5

0 3 0 0 0 3

c m - 1 )

U n c a

ned ZnO parti

owders. 

region 4000-
roxyl group 
tate) stretchi
molecules in
ponding to t
indicates the
rate symmetr
0 cm-1. The 
and at 525 c

3
44

4

3 5 0 0 4 0 0 0

a l c in e  Z n

icles. 

 

-400cm-1 are
is observed a

ing. The abs
n air. Two pr
the asymmet
e formation 
ric stretching
band at 64

cm-1 correspo

0

n O

 

95 
 

e shown 
at 3455 

sorption 
rincipal 
tric and 
of ZnO 

g mode. 
45 cm-1 
onds to 



96 
 

( a )

( b )

( c )

( d )

W a v e  n u m b e r  ( c m - 1 )

5
2

5

6
45

1
02

0

1
3

85

1
56

0

2
35

4

2
92

5

2
8

50

3
45

5

0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0 3 5 0 0 4 0 0 0

%
 T

ra
n

s
m

it
ta

n
c

e

G d - d o p e d  Z n O

  
Fig. 7 FTIR spectra of (a) 1 wt% Gd-ZnO (b) 2 wt% Gd-ZnO 

(c) 3 wt% Gd-ZnO (d) 4 wt% Gd-ZnO powders. 
 
 

Fig.8 shows the degradation of MB over undoped ZnO and Gd-doped ZnO with different 
gadolinium doping. It is clearly seen that rate of photocatalytic degradation of Gd-doped ZnO 
catalyst is much higher when compared with that of undoped ZnO. It is interesting to note that the 
degradation rate of the catalyst increases with increase in the Gd+3 loading up to 2 wt% and then 
decreases. Thus, it is concluded that the optimum loading of Gd+3 is 2 wt%, which may be more 
efficient for separating photo induced electron-hole pairs and enhance the photocatalytic activity 
because of small particle size. The photocatalytic activity of Gd-doped ZnO is due to the formation 
of Zn−O−Gd bond formed on the surface of ZnO [10]. The reason for the high activity of 2 wt% 
Gd-doped ZnO and the effect of Gd loading on the photocatalytic activity can be explained by the 
following mechanism. Under the irradiation of Gd-doped ZnO nanoparticles, Gd+3 works as an 
electron scavenger, this may react with the superoxide species and prevent the holes-electrons 
recombination, and thus increases photodegradation efficiency. With the increase in Gd+3 
concentrations, the surface barrier becomes higher, the space charge region becomes narrower, and 
hence the electron-hole pairs are efficiently separated by the large electric field. On the other hand, 
the photocatalytic activity of 3 wt%, and 4 wt% Gd+3 loaded ZnO is even lesser than undoped ZnO 
due to the screening effect with the increase in the concentration of Gd+3 ions, the penetration 
depth of light into ZnO can greatly exceed the space charge layer. Therefore, the recombination of 
photo generated electron-hole pairs becomes easier, which led to a lower photocatalytic activity of 
ZnO for MB degradation [19-20]. Hence, 2 wt% is the optimum amount of Gd+3 needs for good 
photocatalytic activity. 
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Fig. 8 Methyl blue degradation under sunlight (initial concentration of MB = 20mg/L, 

and catalyst = 1g/L, pH =9). 
 
 

A plot of the current (I) as a function of the applied voltage (V) for undoped and Gd-doped 
ZnO nanopowder at room temperature is shown in Fig. 9. The curves have a slope of 
approximately unity at 15 Volt, implying that the conduction is ohmic at this voltage. It was seen 
that all the samples exhibit n-type conductivity. It is well known that n-type conductivity in 
undoped ZnO is due to the oxygen vacancy and interstitial zinc atom, which act as donors [21]. At 
a specific voltage the current increases with an increase in gadolinium concentration. 

The electrical resistivity, of a material depends on it free-carrier concentration (n), and its 
carrier mobility (μ). The effects of doping gadolinium concentration and calcination temperatures 
on the electrical resistivity of the doped and undoped ZnO nanoparticles are presented in   Fig. 10. 
The electrical resistivity of the doped ZnO nanoparticles is lower than that of the undoped ZnO 
nanoparticles. It is seen that as gadolinium is added to the starting solution, the electrical resistivity 
decreases with the increase in loading. A lower resistivity value was obtained at 4 wt% Gd-doped 
ZnO. An initial decrease in the resistivity is due to an increase in the free-electron concentration 
with gadolinium incorporation in the ZnO nanoparticles. In other words, it can be attributed to the 
optimal incorporation of gadolinium atoms into the lattice, increasing the donor concentration and 
contributing to a decrease of the resistivity [17]. Afterwards, the increase observed in the electrical 
resistivity with the subsequent addition of gadolinium to the starting solution could be also 
attributed to the reduction in the grain size which reduces the majority carrier mobility because of 
increasing the scattering process. The adding more gadolinium in the starting solution will increase 
the gadolinium concentration in the nanopowder, then the high gadolinium concentration will also 
increase the scattering process and therefore the majority carrier mobility is decreased. 
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 Fig. 9 The IV characteristics of doped and undoped ZnO at room temperature. 
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 Fig. 10 The effect of gadolinium loading on the electrical resistivity of the doped  
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4. Conclusion 
 
ZnO nanocrystalline powders doped with up to 4 wt% gadolinium (Gd+3) have been 

prepared. These powders have been indexed as wurtzite structure with the smallest average 
crystallite size of about 14.46 nm and grain size (from SEM) of 76 nm. The Gd doping 
significantly affects the particle size, the particle size of Gd-doped ZnO is much smaller when 
compared with that of undoped ZnO. The FTIR analysis confirms the formation of ZnO. The 
photoactivity of undoped and doped ZnO nanocrystalline powders have been evaluated by 
monitoring the photo-bleaching of the aqueous solutions of methyl blue (MB) dye under sunlight. 
The photocatalytic activity of the 3 wt% Gd-doped ZnO is higher than those of undoped ZnO. This 
reduction is important for ZnO nanoparticles to be used as UV shielding agents to protect organic 
substrates. The I-V curves show that all the samples exhibit ohmic conduction mechanism. The 
gadolinium incorporation affects the resistivity of ZnO nanocrystalline powders. The 4 wt% Gd-
doped ZnO nanocrystalline powder have a lower resistivity than the other nanocryatalline 
powders. It is observed that calcination improve the crystallinity of the samples. 
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